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INTRODUCTION 
Brucellosis, also known as Malta fever, induces abortion and 
sterility and causes severe clinical symptoms in mammals. It has a 
worldwide distribution (1), and the reported number of cases is 
increasing, despite claims of a few countries that the disease has been 
eradicated within their boundries (2). The causative organism of bovine 
brucellosis is B. abortus. B. abortus causes considerable economic 
losses in the world livestock industry and is highly infectious to 
humans. B. abortus is a member of the genus Brucella, a group of 
closely-related Gram-negative bacteria which cause disease in cattle, 
goats, sheep, swine and many other domestic or wild animals (3, 4). 
The disease is epidemic mainly in the developing countries. Although 
the disease is under control in developed countries such as U.S.A., it is 
believed that the number of cases of brucellosis is under-diagnosed 
and under-reported. One estimate of the actual incidence of human 
brucellosis is 26 times higher than the number reported (2). 
In the U.S.A. high-risk groups include farmers, veterinarians, 
abattoir workers and the travelers who recently visited high-risk 
countries, such as Mexico. Though combination antibiotic 
chemotherapeutic treatments for brucellosis are established, the 
Brucella organisms are generally intracellular and difficult for 
antibiotics to reach (5). Vaccination and eradication programs are still 
considered the most effective methods for control of the disease. Since 
an eradication program is an expensive and slow process and causes 
economic loss to farmers, vaccination of healthly animals is a popular 
means of prevention. 
The most widely used vaccine for immunization of cattle in the 
USA is a living vaccine, B. abortus strain 19. It is a naturally 
attenuated strain which has a stable and moderate virulence (6). It can 
provide up to 90% protection under field conditions (7), although it is 
usually less efficacious. Strain 19 can cause human disease, so it is 
too dangerous to be used as a human vaccine (8). Precaution must be 
taken to protect workers during the production and application of the 
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vaccine. There are several human vaccines used outside the U.S., but 
their true effectiveness and safety remain to be resolved (8). 
Unlike many other bacterial pathogens, the pathogenecity of 
Brucella is not regulated by plasmid, and most attempts in many labs 
have failed to detect extrachomosomal DNA. However, broad-range host 
plasmids have been introduced into B. abortus (9). 
The principal clinical sign of bovine brucellosis is abortion due to 
the propagation of B. abortus in the pregnant uterus (10). Ingestion is 
considered the most common route of infection (10, 11). The discharged 
tissue from the abortion contains large quantities of the pathogen 
which contaminate forage and water sources, and thus, infect other 
animals (11). B. abortus are also present in the milk of infected 
.animals and this is the other major mechanism of transmission. 
Where and how the bacteria pass the digestive mucus and break 
through the epithelial barriers to enter the underlying tissues is not 
known for certain. But, it has been shown that B. abortus can cross the 
epithelial layer by way of the endocytotic and transport system of 
lymphoepitheal cells of the Payer's patches (a continuous lymphnode 
tissue in the terminal ileum) (12). After the B. abortus pass though the 
epithelia, a local bacteremia occurs. Organisms are phagocytized by 
polymorphonuclear leukocytes and macrophages in which some survive 
and multiply. These infected cells migrate to the regional lymph nodes 
(10). There B. abortus cells pass though the reticuloendothelial layer, 
invade the blood stream, and disseminate into organs, mainly the 
pregnant uterus, udder, spleen and liver. A second bacteremia may then 
take place, resulting in a generalized infection (10, 11). The infected 
pregnant uterus and placenta give rise to the highest concentration of 
organisms (11). Studies have shown that these high levels of bacterial 
replication were due to the unrestricted replication of B. abortus in 
the rough ER in the placental tissue (13). This generally leads to 
abortion. Following abortion, the number of B. abortus cells in the 
uterus decreases greatly. In chronic infections, the bacteria are 
localized in the udder and the lymph nodes associated with the udder 
and uterus, and other organs (11). 
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It is believed that the survival of B. abortus in neutrophils and 
macrophages at the primary infection site is critical for the 
establishment of prolonged infection (14). B. abortus has been shown to 
be able to survive and proliferate in macrophages in in vitro cell 
culture experiments (15, 16). However, propagation in the macrophage 
is conditional. When macrophages are activated by immune serum (17, 
18) or interferon y supplemented with high levels of iron (19, 20), they 
can kill ingested B. abortus. Within host cells, brucellae are 
inaccessible to host humoral immunity, including both complement and 
antibody (21). In vivo, electron microscopic and histochemical studies 
indicated bacteria were primarily found within phagocytes. Intact as 
well as degraded, B. abortus were detected in phagosomes, 
phagolysosomes and large vacuoles of phagocytic cells (22). 
There is much evidence that host cell-mediated immune 
responses provide primary protection from intracellular pathogens, and 
that these mechanisms can eliminate B. abortus eventually (14, 23). T-
cells secrete cytokines which activate macrophages and other 
lymphocytes to kill the invading bacteria (16, 23, 24). 
Facultative intracellular bacteria use a number of strategies to 
survive and propagate within macrophages and monocytes (23). These 
include: 1) resistance to enzymes, oxidants and other constituents of 
the phagosome, 2) prevention of phagosome-lysosome fusion, 3) 
mechanisms to escape from the phagosome into the cytoplasm, and 4) 
regulation of modulators of the host immune system such as cytokines 
etc. (23, 25). 
B. abortus seems to use most of these methods to survive in 
macrophages. It has been shown that B. abortus can inhibit phagosome-
lysosome fusion with a consequent suppression of the oxidative burst 
(26, 27). They are quite resistant to degradation inside the phagosome 
(27). In neutrophils, B. abortus release factors which inhibit 
degranulation of primary granules and thus escape the 
meyloperoxidase-hydrogen peroxide-halide killing system, as well as 
the oxidative burst (15, 16, 28, 29). The factors which inhibit 
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degranulation in neutrophils were purified and identified as adenine and 
5'-guanine monophosphate (28, 30, 31). 
It has also been shown, in vivo, that Brucella spp. were initially 
localized within phagosomes and phagolysosomes of nonprofessional 
phagocytes such as L-cells or Hela cells, later they were found within 
cisternae of the rough endoplamsic reticulum, having escaped from the 
phagosomes in these cells (22). B. abortus also actively down-regulate 
the host immune system. It has been shown that together with 
interferon Y, B. abortus can depress the expression of IL-1 by 
macrophages and thus inhibit the stimulation of T-cell proliferation 
(25). 
Nitric oxide is known as an effective bactericidal agent produced 
by macrophages. But, it seems that ingested B. abortus inhibit the 
production of NO in macrophages even when they are stimulated with 
cytokines (32). B. abortus is also very resistant to the killing by 
immune serum (33, 34) and the oxygen-independent killing mechanisms 
of the cell-mediated Immune responses (24). Although one in vitro 
experiment showed that oxygen-dependent killing mechanisms in the 
presence of iodide, iron and neutrophil extracts could kill B. abortus 
(24), the bacteria can escape this fatal route by inhibition of 
degranuation in neutrophils (28, 30, 31). A recent paper suggested that 
the reactive oxygen intermediates produced by macrophages and 
monocytes during the oxidative burst was the primary mechanism for 
killing B. abortus (20). 
When phagocytes of the host immune system engulf an invading 
bacterium, a signal pathway in the lymphocyte is activated. Agonists 
like opsonized bacteria and immature polypeptide chains from 
microorganisms stimulate a protein kinase C and calcium-dependent 
signal pathway (35) which activates an electron transport chain 
(NADPH oxidase) resulting in the following reactions: 
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NADPH oxidase 
NADPH + ZOz >NADP+ +H+ + ZOz" 
Superoxide dismutase 
©2"+ 2H"^ > H2O2 + O2 
These reactions cause a sudden increase in consumption of oxygen 
in the lymphocyte and produce large quantities of superoxide ion and 
hydrogen peroxide (36). The process is called the oxidative burst in 
lymphocytes. The reaction also pumps electrons to the lumen side of 
vacuoles, thus increasing the pH in the vacuoles (35). When granules 
fuse with the vacuoles the high pH environment activates the granule 
contents, including neutral proteinase, which is maintained in an 
inactive state at the low resting pH of the granules (35, 36). 
Reactive oxidants, including hydrogen peroxide, are well 
established to have antibacterial activity, and host phagocytic cells 
can generate reactive oxidants in response to invading bacteria (36-
38). O2" is capable of inactivation of iron-sulfur centers in some 
bacterial enzymes (39). H2O2 oxidizes cell wall and outer membrane 
components (36). It has also been reported to cause single-strand 
breaks, and chemical alteration of thymidine residues which can lead to 
cell death or mutagenesis if the DNA lesions are not repaired (40). In 
spite of these reports, O2" and H2O2 are generally considered relatively 
inactive and are not the most effective bactericidal agents produced by 
the immune system. However, they are precursors of more toxic oxygen 
species which may be more important for killing the bacteria (36, 38, 
41, 42). These highly reactive reagents include hydroxyl radical (0H-), 
hypochlorus acid HOCI, and ferri-type radical (FeO). It is believed that 
hydroxyl radical is produced in the Haber-Weiss/Fenton reactions as 
follows: 
H2O2 + Fe2+(chelated) —> Fe3+(chelated) + OH" + OH- (1) 
O2" + Fe3+(chelated) —> Fe2+(chelated) + O2 (2) 
H2O2 + O2" —> OH- + OH- + O2 
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In the neutrophils, the myeloperoxidase (MP0)-H202-halide 
system produces hypochlorus acid, HOCI, catalyzed by MPO as follows: 
MPO 
H2O2 + CI- > 2H0CI 
Since the O2" and H2O2 are substrates used by the phagocyte to 
produce more toxic antibacterial agents, it is likely that decomposition 
of these oxidants will retard the production of the intensely reactive 
bactericidal compounds such as OH- and HOCI in macrophages and 
neutrophils. Enteric bacteria, such as E coli, have SOD and catalase 
activities. The following reactions probably represent a defense 
mechanism used by bacteria to protect themselves from oxidative 
stress: 
SOD catalase 
202" + 4H+ > 2H2O2 > 2H2O + O2 
SOD and catalase may be important to pathogenic bacteria either 
during their initial colonization of the host or for their subsequent 
survival. 
Free or chelated iron is required for the Haber-Weis/Fenton 
reactions (43). The hypothesis that iron enhances the killing activity of 
macrophages by enhancing the production of hydroxyl radical is 
supported by a number of experiments (19, 20). When B. abortus are 
incubated in an iron-rich medium, macrophages kill them with higher 
efficiency than control bacteria. That this iron enhanced killing of 
bacteria by macrophages is a result of free-radical mechanisms 
supported by the observation that addition of SOD or catalase to the 
medium suppress the effect (20). 
In spite of the clearly established correlation between virulence 
and the ability to resist H2O2 (44), the importance of catalase as a 
virulence factor has never been proved. Experiments with numerous 
organisms have given contradictory results. It has been shown that a 
high catalase activity strain of Staphylococcus aureus is resistant to 
PMN killing, and that addition of exogenous catalase decreases the 
killing efficiency of PMN's to low catalase activity S. aureus strains 
(45). Thus Staphylococcus catalase seems to protect the pathogen from 
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H2O2 produced by phagocytes, and is a significant Staphylococcus 
virulent factor. In E. coli and Salmonella typhimurium, Oxy /? is a 
p o s i t i v e  r e g u l a t o r  o f  c a t a l a s e  e x p r e s s i o n ,  a s  w e l l  a s  o t h e r  H 2 O 2  
inducible genes. An Oxy /?-mutant in Salmonella typhimurium which is 
incapable of inducing the enzymes responsible for H2O2 elimination 
cannot survive in macrophages, and is avirulent (46). Neiserria 
genorrhoeae catalase has also been shown to play a significant role in 
its pathogenesis (40). 
But, for Shigella dysenteriae and Listeria monocytogenes, 
inactivation of catalase activity has little effect on virulence in the 
host (47, 48). A catalase mutant {Kat FG mutant) of Shigella flexneri 
produced a large amount of testinal villi destruction after inoculation 
into the rabbit illial loop (47). 
An early research paper on the subject reported a strong 
correlation between the catalase activity and virulence among 
different Brucella strains and species (49). A more recent paper 
supports this finding by showing a correlation between virulence and 
resistance to hydrogen peroxide when various B. abortus strains were 
investigated (44). It has also been observed that macrophages from B. 
abortus resistant cows exhibit high oxidative burst activity when 
compared to macrophages from B. abortus susceptible cows (50). These 
data imply that the oxidative macrophage killing mechanisms in cows 
are important for the virulence of the B. abortus in this host. 
How Brucella SOD and catalase are regulated in response to 
macrophage killing mechanisms when bacteria enter the phagocytes 
may be also important. Unfortunately, gene regulation in B. abortus is 
poorly, if at all, studied. Perhaps other, better studied, facultative 
intracellular parasites may give some clues about how B. abortus 
accomplishes gene regulation. Oxidative stress regulation has been 
intensely investigated in both £ coli and S. typhimuruim. 
In E coli, three different SOD enzymes have been found according 
to their different metal cofactors. They are Fe-SOD, Mn-SOD and a 
hybrid enzyme containing both cofactors. Another form of SOD, Cu-Zn 
SOD, is found in a few other bacteria including B. abortus, but not in E. 
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coli. Fe-SOD is constitutively expressed in E. coli. Mn-SOD and about 40 
other proteins are under the control of a regulatory locus called SoxR. 
They form a coregulated gene group which has been termed a regulon 
(38, 51). 
There are two genes at the 5oxR locus called sox R and sox S. The 
products of soxR and soxS are two specific DNA binding proteins which 
positively regulate the promoters of SoxR regulon genes. SoxS is a 
direct activator of the SoxR regulon genes (38). SoxR is activated by 
O2- and activated SoxR promotes the expression of the SoxS gene. The 
SoxS protein then activates expression of the various SoxR regulon 
genes (38, 52). 
Studies of the enteric bacteria, Escherichia coli and Salmonella 
typhimurium, have revealed two types of catalase enzymes, a 
periplasmic enzyme (HPI) with significant levels of both catalatic and 
peroxidase activity and a cytoplasmic enzyme (HPII) which is strictly 
catalatic (53). HPI and HPII belong to two different regulons. HPII is 
under control of the kat F locus and is stimulated by starvation stress 
(38, 51, 54). The periplasmic enzyme HPI and about 30 other proteins 
are inducible by low concentrations of H2O2 as revealed by 2-D gel 
electrophoresis: among genes encoding these proteins approximately 10 
genes are regulated by the OxyR locus (41, 51, 54). They form the Oxy R 
regulon. The polypeptide product of the OxyR gene can be activated by 
various oxidants. The data indicate that reduced OxyR protein acts as a 
repressor of the OxyR regulon genes, and oxidized OxyR protein 
functions as an activator of the OxyR regulon genes (41, 55). Thus, OxyR 
protein has a dual function in the regulation of the OxyR regulon, and 
may play an important role in defending the bacterium against external 
reactive oxidants (41, 51, 54, 56, 57). The ability to adapt to external 
oxidative stress presumably contributes to the survival of the 
bacterium in the vertebrate host. HPII is not inducible by external H2O2 
(51, 54, 57), and is presumably responsible for the elimination of H2O2 
produced by normal bacterial metabolism. H202-inducible catalase 
activity is only partly responsible for the cellular resistance to H2O2 
stress. Inducible DNA-repair systems are also correlated with the 
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increased survival of oxidatively damage cells (41). 
Catalase (EC 1.11.1.6) is found in nearly all aerobicly growing 
cells. The reaction ZHzOz—> ZHzO + O2 can be catalyzed by two broad 
classes of enzymes, catalases and peroxidases. They are often grouped 
together under the name "hydroperoxidase", but the structure and the 
enzymatic mechanisms of catalase are totally different from 
peroxidases. Catalases are very specific, catalyzing the decomposition 
of H2O2, and are very efficient at it (Kcat=1 O^M-''sec-''). Peroxidases can 
catalyze oxidation of not only H2O2 but also alcohol and other 
substances at a relative slow rate (Kcat= 1 O^M-isec""') (107). All 
catalases are haemproteins and most function as a tetramer with a 
molecular weight of 220-350Kda. The three dimensional structures of 
catalases have been determined by X-ray crystalography for beef liver 
catalase, Penicillium Vitale catalase and Micrococcus Lysodeikticus 
catalase (58-61). 
In £ coli, there are two hydroperoxidases HPI and HPII which are 
properly placed in different categories. HPI is a peroxidase and HPII is 
a true catalase. Both HPI and HPII have been purified and characterized 
(62-64). HPI is a tetramer of identical 84 KDa subunits coded by the 
Kat G gene (57, 63, 65, 66). HPI is a periplasmic protein (53). HPII is a 
tetramer of 99 KDa subunits encoded by the Kat E gene (62, 64, 67) 
HPII located in the bacterial cytoplasm (53). It was also suggested that 
HPI is involved in membrane permeability in £ coli (53). Catalase 
activities have also been investigated from many different organisms. 
In bacteria, two enzymes families are frequently encountered. One is 
true catalase (EC 1.11.1.6) and the other is catalase-peroxidase (EC 
1.11.1.7), a bifuctional enzyme. Although a few catalase activities from 
prokaryotic organisms have been purified and characterized, most of 
them are catalase-peroxidases except HPII of £ coli (62-64). 
The cDNAs of catalase have been cloned from numerous eukaryotic 
organisms including human, rats, cattle, yeast, and some plants. A few 
prokaryotic catalase genes. Listeria seeligeri, Bacillus subtitis, and 
E.coli HP 11(67-69) have also been cloned and proven to be homologous 
to the eukaryotic catalases. The catalase-peroxidase from £ coli and 
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Salmonella typhimurium HPI, M.ycobacterina intracellular and M. 
tuberculosis have been cloned and sequenced (57, 65-67, 70) The two 
gene families are not related by sequence. 
In this study, a periplasmic catalase has been identified and 
purified from Brucella abortus . The gene encoding the enzyme has been 
cloned and sequenced, the sequence reveals strong homology with 
mammalian and other prokaryotic catalases. The catalase null mutants 
were constructed and used to infect BALB/c mice. The in vivo 
experiments results indicated that the Brucella abortus catalase was 
not a virulence factor. 
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MATERIALS AND METHODS 
Materials. DEAE Sepharose CL-6B, Sephacryl S-200 HR, and 
Sephacryl S-300 HR are products of Pharmacia Biotech Inc.. Bio-Gel 
HTP (hydroxyapatite) and Protein Assay Kit were from Bio-Rad 
Laboratories Inc.. Zwittergent 3-16 was from Calbiochem. 
Bacterial strains and plasmids. An E.coli JM 101 (85) 
derivative, TGI (83), and the multipurpose plasmid pUC 119 (85) were 
used in all cloning and sequencing studies. E.coli strain Q359 is the 
host strain for the lambda B. abortus genomic library (84). Brucella 
abortus strain 19 was grown according to standard procedures for 
vaccine production (71). Briefly, lyophilized B. abortus strain 19 was 
reconstituted and seed cultures maintained on potato infusion agar 
slants. Roux flasks containing potato infusion agar were inoculated 
with seed cultures and incubated at 37°C for 48 hours. Brucellae were 
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harvested from several flasks to form a pooled suspension of 1.8x10 
cells/ml. Alternatively, B. abortus were grown by streaking on 
tryptose agar plates containing 5% heat-inactivated bovine serum and 
incubated for 48 hours at 37°C. Cells were harvested in 5 ml of sterile 
0.85% NaCI and standardized turbidmetrically (Aeoo) to 6.0x10''0 
cells/ml (72). Escherichia coli TGI was grown in LB medium (85). 
Enzymatic assays. Catalase and peroxidase activities were 
assayed as described in the Worthington Enzyme Manual (73-75). 
Decomposition of hydrogen peroxide was monitored 
spectrophotometrically at 240 nm for the first minute after mixing, 
and initial rates calculated from the data. One unit of enzyme is 
defined as that which causes the decomposition of 1 micro-mole of 
hydrogen peroxide per minute at a substrate concentration of 0.05 M at 
25°C (73, 76). Peroxidase activity was determined by measuring the 
rate of oxidation of o-dianisidine in the presence of H2O2 during the 
first minute after mixing (74). E. coli HPI was used as a positive 
control. Enzymatic assays and the enzyme spectrum were determined 
with a Gilford Response II spectrophotometer. 
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Fractionation of B. abortus periplasmic proteins. The 
isolation of periplasmic proteins from Brucella cells was performed as 
previously described (72). Briefly, one liter of pooled bacterial 
suspension was centrifuged and resuspended in 250 ml of 0.2 M Tris-
HCI, pH 8.0. The suspension was then diluted with 250 ml of 
spheroplast buffer (0.2 M Tris-HCI, pH 8.0, 1 M sucrose, 0.5% 
Zwittergent 316) and 25 mg of lysozyme (Sigma) was added. After 
mixing, the suspension was diluted with 500 ml of H^O and incubated at 
room temperature for two hours. The sample was then centrifuged at 
13,000xg for 30 minutes. The supernatant (periplasmic extract), which 
contained soluble periplasmic proteins, was filtered through a 0.2 
micron Millipore GS filter to remove any residual live bacteria. The 
pellets were washed with 0,5X spheroplast butter and frozen in -200C 
overnight, thawed on ice, and then sonicated for 45 minutes with a 
Sonicator Cell Disruptor equipped with a cup horn (Model W-385; Heat 
Systems-Ultrasonics, Inc. Farmingdale, NY) at 35% power. The solution 
was centrifuged again and the supernatant filtered and saved as the 
cytoplasmic fraction. 
For the whole cell lysate, bacteria were treated with Zwittergent 
316 and lysozyme as described above, then sonicated and centrifuged, 
and the supernatant filtered and reserved for further assay as the 
whole cell lysate. 
Triton X-100 extraction. Freshly harvested B. abortus cells 
(6x10^0 cell/ml) were centrifuged at 40C in preweighed tubes for 10 
min at 6,000xg. Cell pellets were weighed and resuspended in 2 ml 
extract buffer (0.5 M sodium phosphate, pH7.5, 1% Triton X-100)/gram 
pellet (77). Cell suspensions were lysed or extracted by shaking (260 
rpm) overnight at 37^C. Lysates were centrifuged at 250C 15 min at 
6,000xg and the supernatants filter sterilized and assayed for 
enzymatic activity. 
Osmotic shock extraction. B. abortus cells were exposed to 
osmotic shock as described previously (78). Freshly harvested bacteria 
from 5 ml cultures were washed twice at 40C with an equal volume of 
cold 10 mM Tris, pH 8.0, 30 mM NaCI (6,000xg for 10 min). Washed cells 
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were resuspended at room temperature in 0.1 volume of 30 mM Tris, pH 
8.0, 20% sucrose and then adjusted to 1 mM EDTA using a 250 mM EDTA 
stock solution. The cell suspension was shaken at room temperature for 
10 min and then centrifuged (6,000xg for 10 min.). The cell pellet was 
resuspended in 0.1 volume of cold H2O, shaken in cold room for 10 min., 
and centrifuged at 40C for 10 min. at 6,000xg. The supernatant was 
filter sterilized and assayed for enzymatic activity. 
Chloroform/Butanol extraction. B. abortus cells were treated 
with chloroform as described (79). The butanol and chloroform 
extraction procedures differed only in their use of solvents. Briefly, 
bacteria were centrifuged (6,000xg for 10 min), supernatants decanted 
and cells resuspended in residual saline. Chloroform or butanol (0.1 ml) 
was added to the concentrated cell suspension and incubated at room 
temperature for 15 min prior to addition of 0.5 ml 10 mM Tris, pH 8.0. 
Cell lysates were centrifuged (6,000xg for 20 min.) and the upper 
portion of each supernatant was collected and filter sterilized before 
further analysis. 
Column chromatography. DEAE Sepharose CL-6B: 900 ml of 
periplasmic extract was loaded onto a 2.5x27.5cm (135 ml) DEAE 
Sepharose CL-6B column equilibrated with 50 mM potassium phosphate 
buffer, pH 8.5. The column was washed with the same buffer until the 
A^gQ of the elutant dropped below 0.05. The column was then eluted 
with a 0-0.5 M linear sodium chloride gradient (1 liter) in 50 mM 
potassium phosphate, pH 8.5. 
Sephacryl: Fractions from DEAE Sepharose or hydroxyapatite were 
pooled and concentrated to 2 ml by pressure filtration (Amicon, PM30), 
and applied to a 1.5x58 cm (100 ml) Sephacryl S-300 HR or Sephacryl 
S-200 HR column equilibrated with 5 mM potassium phosphate buffer, 
pH 8.5. Each column was eluted with 200 ml of the same buffer. 
Hydroxyapatite: Catalase containing fractions from Sephacryl S-300 
HR were pooled and dialyzed against 1 mM potassium phosphate buffer, 
pH 6.8, and applied to a 1.5x20 cm (35 ml) Bio-Gel HTP column 
equilibrated with 1 mM phosphate buffer. Bound protein was eluted 
with a linear gradient of 1-400 mM potassium phosphate buffer, pH 6.8. 
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Immunological procedures. (a) Production of antisera. 0.1 mg of 
homogeneous periplasmic catalase purified from B. abortus strain 19 
diluted in 1 ml PBS was injected at multiple subcutaneous sites on a 
rabbit with complete Freunds adjuvant. The rabbit was bled after three 
booster injections with incomplete Freunds adjuvant and the titer of 
the serum examined by western blot using preimmune serum as a 
control. 3 mg of periplasmic catalase purified from B. abortus was 
loaded onto each of several lanes of an SDS-polyacrylamide gel. After 
electrophoresis, the proteins were transferred to a nitrocellulose 
membrane and the membrane was cut into several strips. These strips, 
each with one lane containing purified catalase and one with negative 
control, were incubated with sequential dilutions of the antiserum 
collected from the rabbit. The final color reactions were compared to 
determine the relative titer of the antisera collected from the rabbit, 
(b) Western blotting. Vertical discontinuous polyacrylamide gel 
electrophoresis containing sodium dodecyl sulfate (SDS-PAGE) was 
performed with a 4% stacking gel over a 10% separating gel according 
to the technique of Laemmli (80). To detect protein separation on SDS-
PAGE, gels were stained with Coomassie blue (R250) by the method of 
Fairbanks et al. (81). To detect catalase in samples, proteins from SDS-
PAGE gels were electrophoretically transferred to nitrocellulose 
(Schleicher and Schuell, Inc., Keene, NH) by using a modification of the 
procedure described by Towbin et al. (82). Membranes were treated 
with rabbit anti-catalase serum. Immunoblots were then incubated 
with horseradish peroxidase-conjugated goat anti-rabbit IgG. 
Conjugated antibodies were visualized with a solution of luminol-H202 
as described in the Current Protocols in Molecular Biology (83). 
Screening of the DNA library and subcloning. Rabbit antisera 
against B. abortus catalase was used for identifying the catalase gene 
in a B. abortus genomic library using X 1857 as the vector(84). The 
procedure was performed as described in the Current Protocols in 
Molecular Biology (83). The recombinant lambda DNA from one of 
several positive plaques was digested with various restriction 
enzymes and the resultant fragments subcloned into the multiple 
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cloning site of pUC119. Cloning was performed as described by Maniatis 
et al (85). 
DNA sequence and DNA sequence analysis. A combination of 
subclones produced by SI deletion or partial restriction endonuclease 
digestion strategies were used to produce deletion derivatives of 
plasmid pCAT9 for DNA sequencing. All sequences were determined 
with a Applied Biosystems DNA sequencer by the modified chain 
termination method and have been confirmed by a minimum of three 
independent runs in both directions by staff of Nuclear Acid Facility 
Center, Iowa State University. The oligonucleotide primers were 
constructed from the known sequences and examined for secondary 
structure with a primer analysis software "Oligo" (National Bioscience, 
Inc., Plymouth, MN). They were synthesized on an AB DNA synthesizer 
(Applied Biosystems, Inc., Foster City, CA). All sequence alignments and 
analysis were performed with the GCG (Genetics Computer Group 
Sequence Analysis Software Package, University of Wisconsin) 
sequence analysis software package ( Vision 7 for UNIX). 
Amino acid sequencing. Purified periplasmic catalase in 1 ml 
PBS solution was centrifuged at 5000xg for 6 hours using a ProSpin 
sample preparation cartridge (Applied Biosystems,Inc.,Foster City, CA). 
The PVDF membrane from the cartridge was removed and rinsed in HPLC 
grade water five times, and stored frozen until loading onto a Model 
477A Protein Sequencer (Applied Biosystems, Inc. Foster City, CA). 
Edman degradation was the sequencing method. Phenylthiohydantoin-
amino acids were separated by HPLC and detected with a model 1 20A 
Analyzer from Applied Biosystems, Inc. (Foster City, CA) by staff of 
Protein Facility Center, Iowa State University. 
Construction of the deletion plasmid. Plasmid pCAT5 was 
double digested with Bglll and Psti to remove the catalase coding 
region. The cutting sites were polished to blunt ends with the Klenow 
fragment of E. coli DNA polymerase I. Plasmid pHRneo was digested 
with Hind III and the 1.4 kb fragment containing the neo gene was 
isolated from an agarose gel after electrophoresis and incubated with 
deoxynucleoside triphosphates plus the Klenow fragment of E coli DNA 
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polymerase I to fill the overhangs. This 1.4 kb fragment was cloned 
into the double digested pCAT5 plasmid by blunt end ligation using T4 
DNA ligase. Both 5' and 3' ends of the cloning region were sequenced to 
confirm the deletion of the catalase gene. The resulting plasmid was 
named pCatDEL, and used for gene replacement in Brucella abortus. 
Transformation of B.abortus cells. Electroporation was used to 
transform B.abortus cells. Two microgram of pCatDEL was mixed with 
50 ml (10^0 cells per ml) of thawed competent B. abortus cells in 
sterile electroporation cuvettes with 0.2 cm electrode gaps (BioRad 
Laboratories, Richmond, Calif.). Competent B. abortus cells were 
prepared as follows: B. abortus cells were grown on tryptose agar 
plates containing 5% heat-inactivated bovine serum incubated for 48h 
at 370c. Cells were harvested in water and washed first with water 
and then 10% glycerol, resuspended in 10% glycerol, and stored at 
-700C. Two micrograms of plasmid was mixed with 5x10^ to 7x10^ B. 
abortus cells and electroporated at a setting of 25 nF and 2.5 kV with 
the pulsar controller set at 200 Q using a Gene Pulser transfection 
apparatus (BioRad Laboratories). Both B. abortus SI 9 and B. abortus 
S2308 were transformed with pCatDEL. After electroporation, cells 
were cultured in tryptic soy broth at 37^C for one hour. Then 200 jil of 
diluted culture were plated on the tryptose agar plates containing 25 
mg Kanamycin per ml. Kanamycin-resistant Brucella isolates were 
streaked for single colonies. 
PGR and southern hybridization analysis. PCR was performed 
on DNA extracts isolated from B. abortus cells by the standard protocol 
described by Innis et al (86). Primer 9 (5'TACGGCACGCTAGACCATC3') 
and primer 14 (5'TAGCCAGCATCATATCGC3') were used in the PCR 
reaction. Denaturation, annealing, and extension were carried out at 
950c, 420C, 720C for 30 second, 1 minute, 2 minutes respectively for 
25 cycles. 5 ng of genomic DNA was used in a final 100 |xl reaction 
mixture and 20 |il of PCR products were loaded onto a 1% agarose gel 
and visulized by standard protocol (85). B. abortus genomic DNA was 
isolated as described by Mayfield (84). Restriction endonuclease-
digested plasmid DNA fragments were isolated from agarose gels and 
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labeled with the Genius Systena (Boehringer Mannheim, Indianapolis, IN). 
Two micrograms of each genomic DNA sample was restriction 
endonuclease digested, DNA fragments were separated by gel 
electrophoresis and transfered to membranes as recommended by the 
manufacturer. Hybridization procedures were performed as instructed 
by the Genius System manufacturer. 
Hydrogen peroxide sensitivity assay. Overnight cultures of B. 
abortus were diluted to about 10"^ cells/ml and different amounts of 
H2O2 added to each tube. After mixing, the tubes were incubated at 
room temperature for 15 min and then diluted into Tryptose broth 
containing 1 mg/ml beef catalase. Bacteria were serially diluted and 
plated in duplicate. B. abortus colonies were counted after 3 days of 
incubation at 37^0. The halo assay was conducted as follows: 10^ 
Brucella cells were plated evenly on tryptose plates containing 5% 
heat-inactivated bovine serum. A filter paper disc with diameter of 5 
mm was place in the middle of each plate. 100 |il H2O2 solutions with 
different concentration were loaded onto the paper discs, and the 
plates incubated for 3 days at 37^0. Following incubation, the diameter 
of the halo around the paper disc was measured and recorded. 
Infection of mice and bacterial counting. Two-month-old 
BALB/c mice were injected intraperitoneally with approximately 10"^ 
Brucella cells in 0.2 ml of PBS. Mice were divided into two groups, B. 
abortus S2308 catalase mutant; B. abortus S2308 wild type, and 
challenged with Brucella cells accordingly. Five mice from each group 
were examined at each sampling period. At 2, 7, 14, 21, 28, 60, and 90 
days p.i., mice were killed and the spleens removed and weighed. The 
tissues were then homogenized in 10 ml of PBS, serially diluted, and 
plated in duplicate. B. abortus colonies were counted after 3 days of 
incubation at 37^0. 
Other methods. Non-denaturing gel electrophoresis was performed 
and specifically stained for catalase as described by Heimberger and 
Eisenstark (53). Total protein concentration of various samples was 
determined by the Bradford method (87) using a Bio-Rad Protein Assay 
kit using bovine serum albumin as protein standard. 
18 
RESULTS 
Selective release of periplasmic contents. In this study, we 
developed a general method to selectively release periplasmic contents 
from Brucella abortus without concomitant release of cytosolic 
components. B. abortus cells were treated by various methods which 
have been shown to release periplasmic proteins from other 
bacteria(77-79, 88, 89). These methods included: chloroform 
extraction, Triton X-100 extraction, osmotic shock and a modified 
spheroplasting method (72). Periplasmic fractions generated by the 
various methods were assayed for catalase activity and for the release 
of contaminating cytoplasmic malate dehydrogenase (MDH) activity. 
Based on this criterion, only two methods proved potentially useful, 
osmotic shock and a modified spheroplasting method. The spheroplast 
method was selected because it released catalase activity much more 
efficiently (Table 1). 
Table 1. Catalase and MDH activities (U/ml) in various extracts of 
B.abortus S^9 (6.0x10''Ocells/ml) 
Extraction MDH catalase 
Methods (cytoplasmic) 
1 % Triton X-100 0.03 16 
Chloroform 0.01 10 
Osmotic shock 0.00 37 
Modified Spheroplast 0.00 1020 
Total cell lysate 0.25 1380 
8. abortus periplasmic catalase. Figure 1 shows the native gel 
electrophoresis of whole B. abortus cell lysate, periplasmic and 
cytoplasmic extracts stained for catalase activity. B. abortus exhibits 
only a single band of activity in both the whole cell lysate and the 
periplasmic extract and no catalase activity in the cytoplasmic 
extract. Quantitative assay of the catalase activity in the different 
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fractions yielded 23 U/IO^ cells from total cell lysate, 17 U/IO^ cells 
for periplasmic extract and undetectable In the cytoplasmic extract. 
This fractionation pattern parallels the fractionation of periplasmic 
Cu/Zn SOD (72) and contrasts with that of malate dehydrogenase 
(MDH), a soluble cytoplasmic protein. MDH activity is found exclusively 
in the pellet (72). The fractionation pattern indicates that the B. 
abortus catalase is a periplasmic enzyme. The enzyme does not react 
with o-dianisidine(data not shown), suggesting it does not have 
significant peroxidase activity (63, 74). 
Enzyme purification. Catalase activity present in the B. abortus 
periplasmic extract was purified by liquid chromatography with 
successive passage through DEAE Sepharose CL-6B, Sephacryl S-300 
HR, hydroxyapatite, and Sephacryl S-200 HR. At all stages of 
purification, only a single peak of activity was observed as illustrated 
in Figure 2. The overall purification is summarized in Table 2. 
Molecular weight. The migration rate on SDS-PAGE (Figure 3) 
indicates a subunit molecular weight of 59,000, and gel filtration of 
the native protein on Sephacryl S-300 HR (Figure 4) yields a native 
molecular weight of 240,000. These results suggest that the native 
enzyme is a tetramer, a result which is consistent with many other 
reported catalases (90, 91). 
Heme group. The visible absorption spectrum of the purified 
enzyme preparation in 50 mM potassium phosphate buffer, pH 6.8, 
exhibits a typical catalase spectrum with a Soret peak at 407 nm and 
minor peaks at 501 and 628 nm (Figure 5). The spectrum indicates that 
the enzyme probably contains ferric protoporphyrin IX, as do known 
mammalian catalases (90, 91). 
The calculated molar absorbancy of the purified enzyme at 407nm 
- 1  - 1  - 1 - 1  is 146 mM cm . This compares to values of about 400 mM cm 
- 1  - 1  for mammalian catalases (90, 92), and 202 mM cm reported for E. 
coli HPII (64). E. coli HP! and HPII have both been reported to contain 
only two heme groups per tetramer (53, 62). This absorbancy data may 
also indicate that B. abortus catalase has less than one heme per 
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1 2 3 
Figure 1. Non-denaturing polyacrylamide gel electrophoresis of B. 
abortus cell extracts stained to detect catalase activity. The pH of the 
gel buffer is 8.8. Lane 1: Whole B. abortus lysate. Lane 2: cytoplasmic 
fractionation. Lane 3; Periplasmic fraction. 
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Figure 2. Ion-exchange liquid chronnatography of B. abortus 
spheroplast supernatant on DEAE Sepharose CL-6B. Solid boxes 
indicate absorbance at 280 nm, circles represent catalase 
activity, and dashed line the sodium chloride gradient. 
Table 2. Purification of B. abortus catalase from 900ml spheroplasting supernatant of B. abortus 
Volum 
(ml) 
Protein 
(mg/ml) 
Total 
Protein 
(mg) 
Total 
activity 
(U) 
Specific 
Activity 
(U/mg) 
Purification 
(fold) 
Yield 
Spheroplast supernatant 900 0.489 440 124000 280 1.0 100% 
DEAE Sepherose CL-6B 160 0.163 26.2 113000 4290 15 90.6% 
Sephacryl S-300 HR 12 0.832 9.99 89300 8940 31 72.0% 
Hydroxylapatite 14 0.091 1.28 30000 23400 83 24.1% 
Sephacryl S-200 HR 6 0.139 0.835 24300 29100 104 19.6% 
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Figure 3. SDS-PAGE of tfie B. abortus catalase at various stages 
of purification. The calculated molecular weight is 59,000. 
Lane 1: B. abortus whole cell proteins. Lane 2: Periplasmic 
extract. Lane 3: Catalase activity peak from DEAE Sepharose. 
Lane 4: Purified enzyme. 
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Figure 4. Native molecular weight determination by gel 
filtration. The relative elution position of the purified B. 
abortus catalase and six standards were compared and plotted. 
The standards used were: chymotrypsinogen(25,000 Da), hen egg 
white albumin (45,000 Da), bovine serum albumin (65,000 Da), 
aldolase from rabbit muscle (158,000 Da), catalase from beef 
liver (240,000 Da), and ferritin (450,000 Da). Open box 
indicates the position of B. abortus catalase. 
25 
0.10 
400 500 600 700 
Nanometers 
Figure 5. Absorbance spectrum of 0.139 mg of the purified catalase in 
1 ml of 50mM potassium phosphate buffer, pH 6.8. 
subunit, but this point deserves further study. In this work, 
enzymeactivity is presented on a "per heme" basis rather than on 
protein concentration to avoid uncertainties of enzyme purity (93). 
Effect of pH on enzyme activity. The enzyme exhibits activity 
over a very broad pH range (figure 6) with essentially full activity from 
pH 7 to pH 11 and greater than 30% activity from pH 4 to pH 12. 
Kinetic analysis. Initial rates of H2O2 decomposition were 
determined for the purified enzyme in 50 mM potassium phosphate 
buffer at 25°C for various concentrations of H2O2. As has been found 
for other catalases (92), the enzyme exhibits first order kinetics at 
substrate concentrations less than 10 mM (data not shown). Assuming 
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the Soret molar absorbance Is similar to other catalases (92, 93), the 
enzyme exhibits a Kcat of 5x10® M'^sec'^ (per molarity of heme per 
second at 10 mM H2O2). This value is very similar to mammalian 
catalases (90). 
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Figure 6. Catalase activity as a function of pH in 50 mM potassium 
phosphate buffer. Activity is reported as the initial rate of enzymatic 
destruction of 50 mM H2O2. 
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Cloning the catalase gene. Two thousand plaques of a B. abortus 
strain 19 genomic library were replica plated and screened with rabbit 
anti-catalase antiserum prepared with the purified enzyme as 
described in the Materials and Methods. Six positive plaques were 
identified, DNA from these lambda strains was isolated and digested 
with various restriction enzymes. The resultant restriction maps each 
exhibited a common region of overlap. A 9 kb Kpn I fragment from one 
of these clones was subcloned into the plasmid pUCI 19. This subclone 
was named pCAT9. Non-denaturing gel electrophoresis showed high 
expression of a new catalase activity in E. coli harboring pCAT9 
(Figure 7). The £ coli cell lysate showed only the endogenous catalase 
activity (HPI and HPII) bands (data not shown). 
1  2 3  
B.abortus 
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Figure 7. Non-denaturing electrophoresis gel of cell lysates of E. coli. 
Lane 1. 20 |il total E. coli cells lysate of TGI harboring pCAT9. Lane 2. 5 
|j,l total E. coli cell lysate of TGI harboring pCAT9. Lane 3. 5 ^il purified 
periplasmic catalase from B. abortus. 
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Figure 8. Panel A: Restriction map of the pCAT9 DNA insert, and various EcoR I subclones of this 
sequence tested for catalase expression. Panel B: Western blot probed with anti-catalase antisera 
of whole cell proteins from E. coli TG 1 containing the same plasmids shown in panel A. 
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Three EcoRI fragments were subsequently subcloned into pUC119. E. 
coli TGI cell lysates which contained the subclones were analyzed by 
western blot. Figure 8 shows the clones and the western blot results. 
The data indicated that the catalase gene was located partially on the 
2.9 kb KpnI-EcoRI fragment and that the left-most EcoRI site is located 
within the coding sequence. 
DNA and amino acid sequence analysis. The nucleotide 
sequence of 2399 bp of B. abortus DNA from pCAT9 was determined by 
the chain termination method utilizing artificial oligonucleotides as 
primers. The sequence of the coding and flanking regions are presented 
in Figure 9. The sequence reveals one long open reading frame which 
originates at one of three closely spaced ATG sequences. Only the 
middle ATG sequence has an apparent ribosome binding sequence, 
AGGAG, located 7 bp upstream. The N-terminal amino acid sequence of 
the purified catalase from B. abortus is consistent with the 
interpretation that the second translation initiation codon is used in 
vivo. Starting with the second ATG, the functional ORF would encode a 
protein of 498 amino acids with a predicted molecular weight of 55 
kDa. This agrees well with the 59 kDa calculated from SDS-PAGE. 
Potential -35 and -10 promoter sequences are found upstream of the 
ORF. A potential rho-independent transcription terminator is located 29 
bp downstream of the TAG stop codon suggesting only a single gene in 
the operon. 
Signal sequence. A computer algorithm of von Heijne (94) as 
adapted by Robert Colgrove (95) was used to screen the catalase 
sequence for a possible N-terminal signal sequence. As a test, this 
program had been used to analyze all known B. abortus gene sequences 
and was 100% effective at predicting reported N-terminal signal 
sequence and cleavage sites. Examination of the predicted amino acid 
sequence of B. abortus catalase gene by this computer program, or 
visually, revealed no typical N-terminal signal sequence. Experimental 
determination of the N-terminal amino acid sequence of the enzyme 
purified from B. abortus periplasmic extract yielded the sequence; 
TD7PIMTTSA. This sequence is the same as that predicted from the DNA 
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sequence starting at the second translation initiation codon assuming 
tliat the terminal methionine was removed. This result indicates that 
no N-terminal peptide is cleaved from the protein during export to the 
periplasm in B. abortus. 
Brucella abortus periplasmic catalase sequence 
600 TGGAGATTATTATTGGAATAGGTCTAATTGAGACAAATGGTTTCGCCCCGGTQTGATGTT 659 
660 TCCCCGTCGCCTCACGCCTTCGGTAGCGCGAATAGTAGTTTAAAACGATQAAATTGCAGG 719 
720 AGGATTATTCCATGACAGATCGCCCGATAATGACGACGAGTGCAGGCGCTCCGATACCGG 779 
780 ACAACCAGAACTCGCTGACTGCCGGAGAGCGCGGTCCCATCCTGATGCAGGATTATCAGC 83 9 
84 0 TTATTGAAAAGCTCTCGCACCAGAACCGTGAGCGCATTCCCGAACGTGCGGTACATGCCA 899 
900 AGGGCTGGGGTGCTTACGGCACGCTGACCATCACTGGCGATATTTCCAGATATACCAAAG 959 
960 CCAAGGTTTTGCAGCCGGGTGCGCAGACGCCGATGCTGGCCCGCTTTTCCACCGTTGCCG 1019 
1020 GCGAGCTGGGCGCTGCCGATGCCGAACGTGACGTGCGCGGCTTTGCCCTCAAATTCTACA 107 9 
1080 CGCAAGAAGGCAATTGGGATCTGGTTGGCAACAATACGCCGGTCTTCTTCGTGCGTGATC 1139 
114 0 CGCTGAAGTTCCCGGATTTCATCCATACCCAGAAGCGCCATCCCAGGACCCATCTGCGTT 1199 
1200 CCGCAACCGCCATGTGGGATTTCTGGTCGCTGTCGCCGGAAAGCCTGCATCAGGTCACGA 12 59 
1260 TCCT GATGTCGGATCGCGGCCTGCCGACCGATGTGCGCCATATCAACGGTTACGGCTCGC 1319 
132 0 ACACCTATTCGTTCTGGAACGATGCCGGTGAGCGTTACTGGGTGAAGTTCCACTTCAAGA 1379 
13 80 CCATGCAGGGCCACAAGCACTGGACCAATGCGGAAGCCGAGCAGGTGATCGGCCGTACCC 14 39 
144 0 GTGAATCCACGCAGGAAGATCTGTTCTCGGCCATCGAGAACGGCGAATTCCCGAAGTGGA 1499 
1500 AGGTGCAGGTTCAGATCATGCCGGAACTCGACGCCGACAAGACGCCGTATAACCCCTTCG 1559 
1560 ATCTTACCAAAGTATGGCCCCATGCCGACTATCCGCCGATCGATATTGGCGTGATGGAAC 1619 
162 0 TGAACCGCAACCCGGAAAACTATTTCACCGAGGTGGAGAATGCCGCCTTCTCGCCATCGA 167 9 
1680 ATATCGTTCCCGGCATCGGCTTTTCGCCGGACAAGATGCTCCAGGCGCGTATCTTCTCCT 17 39 
174 0 ATGCGGACGCGCATCGCCATCGCCTCGGCACGCATTACGAAAGCATTCCGGTCAACCAGC 17 99 
1800 CGAAATGCCCGGTGCATCACTATCATCGCGACGGTCAGATGAATGTCTATGGCGGCATCA 1859 
1860 AGACCGKCAATCCGGATGCCTATTACGAGCCGAATTCGTTCAATGGTCCGGTCGAACAGC 1919 
1920 CATCTGCCAAGGAGCCGCCGCTGTGCATCTCCGGCAATGCGGATCGCTACAACCACCGTA 1979 
1980 TCGGCAATGACGATTATTCACAGCCGCGCGCGCTGTTCAATCTGTTCGATGCAGCGCAGA 2039 
2040 AGCAGCGCCTGTTCTCCAATATCGCGGCTGCGATGAAGGGCGTTCCAGGCTTTATCGTTG 2 099 
2100 AGCGTCAGCTTGGCCATTTCAAGTTGATCCACCCGGAATATGAAGCCGGTGTGCGCAAGG 2159 
2160 CGCTCAAGGATGCCCATGGTTATGACGCCAACACAATTGCCTTGAACGAAAAAATTACTG 2219 
2220 CAGCGGAATAGTATATATATAATACAGTTATATTTAATATTGGTCGCCGGTTCATCCGGC 2279 
> < 
2280 GACTACTTTGTGTCTTGAATTTATATTTACCGCCTATACTGTAAGTTGTATTCTGCGTCA 233 9 
2340 GAATCAGCGGGAGGAAGCGATATGATGCTGGCGATTTTTATATTCATGACAATTGCCATG 2399 
Figure 9. Nucleotide sequence of Brucella abortus catalase gene 
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There is only one copy of the catalase gene in the B.  a  tor tus 
genome. To determine the catalase gene copy number in the B. 
abortus genome, we performed a southern blot using a 407 bp EcoRI 
fragment which contains internal DNA sequences from the catalase 
gene as a probe. We digested the chromosomal DNA of B. abortus cells 
with six different restriction enzymes which do not cut within the 
probe sequence. Only one hybridization band was found in each 
digestion, indicating that it is very unlikely that there is more than one 
copy of the catalase gene in the B. abortus genome (Figure 10). 
Construction of a catalase-null mutant. A pUC119 derived 
plasmid was constructed which has Tn5 kanamycin resistant (neo) gene 
flanked by the same sequences which flank the unmodified catalase 
gene. This deletion plasmid, pCatDEL, was constructed by removing the 
catalase coding region from pCAT5, a plasmid which contains the 
catalase coding sequence, and inserting a 1.4 kb neo fragment into the 
excision site. The structure of this plasmid is illustrated in Figure 11. 
This plasmid (pCatDEL) was introduced into B. abortus cells by 
electroporation and Kanf^ colonies were selected on kanamycin tryptose 
plates. Since the pUC-derived plasmid cannot replicate in B. abortus 
cells, Kan^Amps colonies must reflect gene replacement. The simplest 
such event is a double recombination within the catalase gene flanking 
regions (96). Eight Kan"" colonies from Strain 19 and five Kan^Amps from 
Strain 2308 were selected for further confirmation. Both PGR and 
Southern blot were used to confirm that the catalase gene had been 
deleted (Figure 12,13). A pair of primers from the flanking regions, 
primer 9 and primer 14, were used for the PGR based assay (Figure 
11,12). Seven of eight randomly selected Kan"" colonies from Strain 19 
(#1-4, and #6-8) and 2 of 5 Kan^Amps colonies from strain 2308 (#3 
and #5) had the single recombination genotype (Figure 1 2). The double 
recombination genotype was exhibited by colony #5 from strain 1 9 and 
colonies #1, #3,and #5 from strain 2308 (Figure 12). These 
recombinants should hybridize to the neo gene probe but not the 
catalase gene probe and exhibit a single band in PGR assay (Figure 13). 
A 0.8 kb Bgl ll-Pst I catalase gene DNA fragment from pGAT5 and a 
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Figure 10. Southern blot of B. abortus chromosomal DNA digested with 
different restriction enzymes, from left to right (1-6) PstI, Xbal, 
Hindlll, EcoRV, Bglll, and BamHI, hybridized with a 407 bp EcoRI 
fragment from the catalase gene as a probe. 
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Figure 11. Illustration of the double and single crossover 
events which are expected to occur in a gene replacement 
experiment. Left pathway, double crossover. Right pathway, 
single crossover. Box at bottom, the expected PGR 
signature. 
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Figure 12. PGR assay of DNAs from B. abortus kanamycin-resistant isolates 
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Figure 13. Southern blots of DMAs from B. abortus hybridized with 
catalase gene or neo gene probe. Lane 1: DNA isolated from a Kan''Amp'' 
clone. Lane 2: DNA isolated from a Kan^AmpS clone. Lane 3: DNA isolated 
from wild type strain 19. 
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Figure 14. Non-denaturing polyacrylamide gel electrophoresis of B. 
abortus cell lysate. Lane 1: B. abortus SI 9 wild type lysate. Lane 2: 
B. abortus SI 9 catalase mutant lysate. 
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Figure 15. Survival of wild type B. abortus SI 9 (wt SI 9), the SI 9 
catalase mutant (S19DEL), wild type B. abortus S2308 (wt S2308), and 
the S2308 catalase mutant (S2308DEL) in tryptose medium with 
different concentrations of hydrogen peroxide for 15 minutes. 
1.4 kb Hind III neo gene DNA fragment from pHRneo were used as probes 
in genomic southern blots to confirm the replacement (Figure! 3). The 
catalase activity of the mutant cells was also assayed and the results 
indicated that there was no catalase activity in the mutant strain cells 
(Figure 14). 
Sensitivity of the catalase-null mutant to hydrogen peroxide. 
The catalase-minus Brucella cells were challenged with different 
amounts of hydrogen peroxide in their culture media for 15 min as 
described in the Materials and Methods, and the survival rates were 
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H2O2 challenge in liquid culture represents an acute exposure 
since the H2O2 is destroyed in a short time. Longer term exposure to the 
reagent is provided by a filter disc halo experiment. In this experiment, 
a small filter disc saturated with concentrated H2O2 is placed in the 
center of a newly seeded lawn of bacteria. The size of the halo of 
growth inhibition indicates resistance to the reagent. In this 
experiment, catalase mutants of both B. abortus SI 9 and S2308 were 
more susceptible to hydrogen peroxide than the corresponding wild type 
strain (Figure 16). 
H,Q(M) 
S19 
S19DEL 
S2308 
S2308DEL 
Figure 16. H2O2 halo assay of wild type B. abortus SI 9 (SI 9), SI 9 
catalase mutant (S19DEL), wild type B. abortus S2308 (S2308), and 
S2308 catalase mutant (S2308DEL) on tryptose plates with filter 
paper discs containing different concentrations of hydrogen peroxide 
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DISCUSSION 
Gram negative bacteria are characterized by two membrane 
delimited compartments. The inner (cytoplasmic) compartment is the 
location of the DNA, protein synthesis, and other essential metabolic 
functions. The outer (periplasmic) compartment is the location of 
various systems for nutrient acquisition, the enzymatic machinery for 
the assembly of the cell wall, and the site of activities which serve to 
protect the organism from environmental insults. Periplasmic proteins 
are localized in the space between the inner and outer membrane, and 
they can be released by procedures which produce spheroplasts. The 
immune and chemical properties of Brucella surface components of 
Brucella organisms have been intensely studied (97-101). 
Investigations in many laboratories have mainly been aimed at 
developing better diagnostic tools and the development of subcellular 
protective vaccines. Salt-extracted protein antigens were 
characterized by Tabatabai et al. (97, 98). Outer membrane proteins 
isolated from various Brucella species have also been isolated and 
studied (99-101). These studies focused primarily on the 
immunological aspects of the proteins, and their functions have not 
been carefully investigated. One obstacle to functional studies is that 
the procedures used in these earlier studies denatured some of the 
proteins during the preparation, so their normal biochemical function 
could not be examined. 
In contrast to the inner membrane, the outer membrane contains a 
characteristic lipopolysaccharide (LPS) (97-99). This asymmetric 
distribution of LPS provides a complex permeability barrier. In E. coll 
and other Gram-negative bacteria, the LPS monolayer portion of the 
outer membrane must be stabilized by divalent cation (89). EDTA 
removes the divalent cations resulting in distabilization of the outer 
membrane. Osmotic shock, often used to release periplasmic proteins 
from E.coli and many other Gram negative bacteria, requires outer 
membrane distabilization (89). Osmotic shock does not release 
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periplasmic proteins effectively from B. abortus (89), because B. 
abortus outer membrane is resistant to EDTA distabilization (89). 
Chloroform and butanol extraction procedures release periplasmic 
proteins very well from £ coli (79), but they do not release B. abortus 
periplasmic proteins effectively. These procedures also distabllize the 
inner membrane and result in the contamination of the periplasmic 
fraction with cytosolic proteins. Witholt et al. developed a procedure 
for the formation of spheroplasts from E. coli (88). They used EDTA to 
weaken the outer membrane and lysozyme to degrade the rigid 
peptidoglycan layer in periplasm. A dipolar ionic detergent, Zwittergent 
316, was reported to specifically distabilize the outer membrane of B. 
abortus (89). Based on these reports, a modified spheroplasting 
procedure was developed by substituting Zwittergent 316 for EDTA in 
the Witholt method (72). With this procedure, two B. abortus soluble 
proteins, Cu-Zn SOD and MDH were separated in different fractions. 
Cu-Zn SOD is synthesized in precursor form with a standard 
signal sequence which is removed as the enzyme is exported to the 
periplasm. When B. abortus Cu-Zn SOD was expressed in E coli, it 
localized in E. coli periplasmic space. MDH has a well documented 
cytoplasmic role in cellular metabolism and has been established as a 
cytoplasmic marker for Gram negative bacteria. We chose Cu-Zn SOD as 
a periplasmic marker and MDH as a cytoplasmic marker for our 
fractionation. Since B. abortus catalase is found in same fraction as 
Cu-Zn SOD and not in the fraction with MDH, catalase is inferred to be a 
periplasmic protein. To confirm the periplasmic location of B. abortus 
Cu-Zn SOD and catalase, other experiments with independent methods 
need to be done. One possible experiment would use the electron 
microscope to investigate the compartmentation of these enzymes. 
Anti-catalase antibody could be coupled with colloid gold. The labeled 
antibody can be incubated with sectioned Brucella cells. Although 
published pictures based on this technique are not very good due to the 
small size of the periplasmic space, the counting and statistics 
analysis of distribution of antibody-coated gold particles might be 
successfully used to confirm the location of the catalase. 
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Comparison of the deduced amino acid sequence of B. abortus 
catalase with other known catalase sequences reveals a high degree 
homology among eukaryotic and prokaryotic catalases. The deduced 
amino acid sequence of B. abortus catalase was, respectively, 55.7, 50, 
41.1% identical to that of, B. subtilis, bovine, and E. coli (HP II) 
catalase. The low homology with E. coli HP II is because HP II has long 
stretches at both the N terminus (57 amino acids) and the C terminus 
(168 amino acids) which are not similar to other catalases (67). The 
most conserved regions are located near His 55, Ser 94, and Asp 129. 
These amino acids correspond to His 74, Ser 113, and Asp 147 in bovine 
liver catalase, which have been proposed to participate in the catalytic 
reaction (60). Computer analysis of the nucleotide sequence of the B. 
abortus catalase gene identified potential -35 and -10 promoter 
sequences upstream of the ORF. The -35 box (TTGAGA at position 627) 
is almost identical to the proposed E. coli consensus sequence 
(TTGACA). The -10 box (TGTGAT at position 651) is also similar to the 
E. coli consensus sequence (TATAAT). But, the position of this potential 
promotor is far upstream (-80 for -10 box and -113 for -35 box) 
compared to many £ coli gene promoters. 
Southern blot data indicates that only a single catalase gene is 
present in the B. abortus genome. This result is in good agreement with 
the single catalase activity observed in B. abortus cell lysates by 
native gel electrophoresis stained for catalase activity. In contrast, E 
coli and some other Gram-negative bacteria have two catalase 
activities (53,62-64), and there are multiple catalases in the Gram-
positive bacterium B. subtilis and in some plants and mammals (67-69). 
The lack of evidence for more than one B. abortus catalase is 
interesting. Presumably the bacterium requires a mechanism for 
removal of cytoplasmic hydrogen peroxide when grown aeroblcally. Yet 
we can only demonstrate the existence of a periplasmic enzyme. 
Perhaps B. abortus relies on an unidentified peroxidase to detoxify 
hydrogen peroxide in the cytoplasm. 
It is interesting to speculate on the physiological role of a 
periplasmic catalase. Simple logic would suggest that such an enzyme 
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activity might protect the bacterium from external sources of H2O2. 
This hypothesis was tested directly in two ways with different 
results, one is a liquid medium challenge experiment and the other is a 
filter disc halo experiment. In the liquid medium challenge experiment, 
the length of time the B. abortus cells were exposed to H2O2 was quite 
short, so the ability of H2O2 to quickly cross the B. abortus cell 
envelope may play an important role in this assay. In our data, the B. 
abortus SI 9 catalase mutant and SI 9 wild type strains showed about 
one log difference in survival rates when H2O2 concentrations were 
above 40 mM. In contrast, the S2308 catalase mutant and S2308 wild 
type strains exhibited little difference in survival rate. It is known 
that strain 19 has altered outer membrane properties when compared 
to strain 2308 (98). If the SI 9 outer membrane were more permeable to 
H2O2, this could explain the increased sensitivity of both SI 9 derived 
strains to H2O2, and also explain why the S2308 deletion mutant did not 
exhibit increased sensitivity during acute exposure. It has been 
demonstrated that H2O2 kills £ coli in two modes (104). Mode-one 
killing is first order with respect to exposure time, is maximal with 
H2O2 at a concentration of 1-2 mM, and has been related to DNA repair 
systems (104). Mode-two killing occurs at higher doses of H2O2 (>25 
mM). For E. coli cells, the survival rate will drop to 0.1% at 0.75-1.5 mM 
H2O2 and then increase to 1-10% in the 5-25 mM concentration range. 
The survival rate declines again above 10% to below 0.1% when the H2O2 
concentration is increased above 25 mM. Brucella abortus cells do not 
exhibit such a killing pattern. Low concentrations of H2O2 (1 mM) kill 
about 50% of Brucella abortus cells in 1 5 minutes, 10 mM H2O2 kills 
80-90% of the Brucella abortus cells and 40 mM H2O2 kills 99% of 
Brucella abortus cells (Figure 15). So, H2O2 seems to kill Brucella 
abortus cells in a H2O2 concentration dependent manner. H2O2 challenge 
in liquid culture represents an acute exposure since the H2O2 is 
destroyed in a short time. Longer term exposure to the reagent is 
provided by the filter disc halo experiment. In this experiment, H2O2 
diffuses from the filter paper disc into the plate medium contacting 
the Brucella abortus cells for an extended time. The size of the halo of 
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growth inhibition indicates the degree of resistance to the reagent. 
With this assay, both B. abortus SI 9 catalase null mutant cells and 
S2308 catalase null mutant cells were more susceptible to hydrogen 
peroxide than the respective wild type strains. These data indicate that 
B. abortus periplasmic catalase protects B. abortus from external H2O2 
damage. It is also seen that wild type strain 19 is more sensitive to 
H2O2 than wild type strain 2308. This agrees well with other 
experimental results showing a correlation between resistance to H2O2 
and virulenceamong different strains of B. abortus (44). The data 
(figure 15) also indicated that at low concentrations of H2O2 
(<100mM), strain 2308 is totally resistant to H2O2 killing and this H2O2 
resistance mechanism is catalase-independent. 
To further explore the physiological role of B. abortus 
periplasmic catalase in vivo, a S2308 deletion mutant lacking catalase 
activity described in this thesis was used to infect mice by Dr. Tatum 
and his staff at the NADC, Ames. The survival of the mutant strain was 
compared to survival of the parental wild type strain. This in vivo 
experiment showed that elimination of the catalase activity reduced 
the level of B. abortus survival and proliferation in mouse spleens 
during the early phases of Infection (day 5-30, Figure 17). In this 
period, both the spleen weight and the CFU, per spleen, of mice infected 
with the catalase null mutant are below that of mice infected with 
wild type. At later times in the infection, the number of mutant 
bacteria gradually increased and eventually reached a higher level than 
the wild type strain (at day 90). The data show that periplasmic 
catalase activity is not necessary for the persistence of B. abortus in 
mice. Several explanations have been offered for the persistence of B. 
abortus in mice. Cheers suggested that some organisms survived and 
proliferated in monocytes (105). It has been reported that murine 
macrophage brucellacidal activity reaches a maximum 14 days after 
infection (105). This increase of brucellacidal activity of murine 
macrophages is in good agreement with the decline in the number of 
catalase deficient bacteria in mice, and suggests that the catalase null 
mutant is more susceptible to activated murine macrophages. It was 
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Figure 17. Persistence of B. abortus in spleens of BALB/c mice 
Inoculated with 10^ Brucella cells and spleen weights of infected 
mice. (A) Persistence of wild type B. abortus S2308 and the S2308 
catalase mutant. (B) Mean spleen weights of BALB/c mice infected with 
wild type B. abortus S2308 and the S2308 catalase mutant. 
also proposed that Brucella might down regulate the host Immune 
system (25). 
B. abortus has a periplasmic Cu-Zn superoxide dismutase (Cu-Zn 
SOD). Both virulent and less virulent strains have SOD activity. 
Deletion mutants lacking Cu-Zn SOD activity were constructed in both 
strain 19 and strain 2308 by latum et al. and their infection of mice 
investigated (96). The time course of infection with these strain is 
shown in figure 18. Mice infected with SI 9 slowly eliminate the 
bacteria and resolve the infection while S2308 produces a chronic 
infection in mice. This pattern of infection by SI 9 and S2308 in mice 
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correlates with their relative virulence in cattle. The mean spleen 
weights in mice infected with the S2308 Cu-Zn SOD deletion mutant 
was consistently lower than with wild type S2308 (Figure 18). 
Deletion of the Cu-Zn SOD gene also resulted in reduced survival 
of the mutant S2308 in mice at the early stages of infection. From day 
5 till day 60, the spleen levels of S2308 Cu-Zn SOD mutant were at 
least 10 fold (1 log) lower that those of wild type S2308. But at later 
stages, the spleen counts of the Cu-Zn SOD mutant strain and the 
parental strain were more nearly equal. The SOD deficient strains were 
also tested for survival in a nonphagocytic Hela cell line and a mouse 
macrophage like cell line J774 (96). The data showed that the loss of 
Cu-Zn SOD did not affect the survival of SI 9 or S2308 in either the 
J774 or Hela cell lines (Figure 18). These results are simply explained 
if the cell lines cells did not produce sufficient oxidative bactericidal 
activity to effect intracellular survival. 
The survival studies in mice suggest that both SOD and catalase 
contribute to bacterial survival during early stages of infection in 
mice. However, deletion of either gene alone does not produce an 
avirulent bacterial strain. The Haber-Weiss reaction would indicate 
that both O2" and H2O2 are needed for effecient production of hydroxyl 
radical (0H-) in macrophages, as shown in equation (3): 
H2O2 + Fe2+ —> Fe3+ + OH" + OH- (1) 
O2" + Fe3+ —> Fe2+ + O2 (2) 
H2O2 + O2" —> OH- + OH- + O2 (3) 
Thus, if the Haber-Weiss mechanism is important for bacterial 
killing, reduction of both O2" and H2O2 might be much more protective 
than the reduction of either of them separately. If this is true, a double 
deletion of both SOD and catalase should have a much larger effect on 
bacterial survival in vivo than either single deletion. Future study 
should focus on the construction of such a double deletion mutant and 
the characterization of the mutant in mice and murine macrophages. 
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Figure 18. Persistence of B. abortus in spleens of BALB/c nnice 
inoculated i.p. with organisms and spleen weights of infected mice. 
(A) Persistence of wild-type (wt) B. abortus SI 9 and the SI 9 Cu-Zn 
SOD mutant expressed as the mean logio CPU per milligram of spleen. 
(B) Mean spleen weights of BALB/c mice inoculated with wild-type B. 
abortus SI 9 and the SI 9 Cu-Zn SOD mutant. (C) same as panel A, but 
inoculated with wild-type B. abortus S2308 and the S2308 Cu-Zn SOD 
mutant. (D) Same as panel B, But inoculated with wild-type B. abortus 
S2308 and the S2308 Cu-Zn SOD mutant. Taken from Tatum et al. 
Infection and Immunity 60:2863-2869. 
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Another important factor involved in the production of hydroxyl 
radical by the Haber-Weiss mechanism is availability of iron. As 
equation (1) and (2) indicate, iron is necessary for production of 
hydroxyl radical. If hydroxyl radical is an important brucellacidal 
agent, the location and availability of iron is of critical importance. It 
has been reported that IFN-y activated macrophages do not kill Brucella 
cells (32). But, when IFN-y activated macrophages are supplemented 
with iron, they eliminate all intracellular brucellae. This antibrucella 
activity is blocked by the addition of hydroxyl radical scavengers (20). 
The availability and function of iron within macrophages is complex. On 
the one hand, iron is required for growth of bacteria and must be 
concentrated and transported into the cells. When iron concentration in 
the medium is low, Brucella cells produce a siderophore, 2,3-
dihydroxybenzoic acid, to concentrate iron from the medium and to 
transport it across the inner membrane (109). On the other hand, iron is 
reguired for the production of hydroxyl radical. Thus, it might be in the 
bacterial best interests to maintain low concentrations of iron in 
macrophage phagocytes. It has been reported that when Brucella cells 
were induced to secrete siderophore by growth in low iron medium, 
these cells survived inside IFN-y activated/iron supplemented mouse 
macrophages (20). In contrast, brucellae cultured in medium with free 
iron available were completely killed by IFN-y activated/iron 
supplemented mouse macrophages (20). It is possible that the 
siderophore produced by Brucella cells is able to chelate host 
macrophage iron, and thus impair the generation of the potent hydroxyl 
radical. It would be very interesting to construct a multiple mutant 
which had lost all catalase and SOD activity and also the ability to 
secrete siderophore. This mutant should have lost all its protection 
from hydroxyl radical killing mechanism. Characterization of such 
multiple mutant in mice and in cultured macrophages might provide a 
powerful tool for studying the oxidative killing mechanisms in 
macrophages. 
The mechanism of protein transport across biological membranes 
has been extensively studied both in prokaryotic and eukaryotic 
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organisms. In Gram-negative bacteria, periplasmic and membrane 
proteins and some secreted proteins are synthesized as larger 
precursors with an N-terminal leader sequence (signal peptide) which 
is removed during translocation. Leader sequences are typically 20-40 
amino acid residues long and contain three conserved features: a basic 
amino terminal region; a central hydrophobic region and a reverse-turn 
forming carboxyl-terminal domain. N-terminal signal sequence based 
mechanisms are the main pathway for protein export, and only a few 
secreted proteins are translocated across the bacterial inner membrane 
without a leader peptide at their amino-terminus (106). The 
periplasmic proteins and membrane proteins are thought to be exported 
exclusively by leader sequence dependent mechanisms (106,108). 
Bacterial protein export systems can be divided into sec-dependent and 
sec-independent mechanisms. Sec-dependent protein translocation in E. 
coli has been vigorously investigated. Biochemical characterization of 
sec-dependent protein exportation pathway has found that sec proteins 
(sec A, D, E, F and Y) form a multimeric inner membrane protein 
complex which functions as a translocase. Sec B is a chaperone protein 
(108). The sec-dependent export system is the general protein export 
pathway through which most Gram-negative non-cytosolic bacterial 
proteins are transported. Only a few small proteins (phage Ml 3 coat 
protein, etc.) which have leader sequences are sec-independent (108). A 
few secreted proteins do not have leader peptides and are sec-
independent (108). Our finding that B. abortus periplasmic catalase 
does not have a standard cleavable leader sequence is a surprise. B. 
abortus Cu-Zn SOD and a few other B. abortus reported periplasmic 
proteins and outer membrane proteins do have a standard cleavable 
leader sequences (77,84,102). The E. coli HP I is a periplasmic protein 
(53) and also does not have a recognizable N-terminal signal-peptide-
like sequence (personal observation). These observations may indicate 
that there is another pathway through which some periplasmic proteins 
are translocated across the inner membrane. It has long been known 
that protein exportation machinery interacts with regions of mature 
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proteins, but the detailed nature of this interaction has never been 
fully understood. 
We have expressed the catalase gene in E. coli and B. abortus 
catalase activity seenns to express normally (Figure 7). A preliminary 
osmotic shock experiment showed that the B. abortus catalase was 
present in the periplasmic space of E.coli. However, it was also found 
in the cytoplasmic region (data not shown). This could be explained if 
the export mechanism in E. coli does not transport B. abortus 
efficiently. Another possibility Is that the high expression of the 
heterologous B. abortus catalase interferes with a normal 
transportation channel resulting in some enzyme passing and some not. 
In this case, transport might be complete if a low copy plasmid was 
used for expression of the catalase in E. coli instead of a high copy 
number pUC-derived plasmid. The expression of the B. abortus catalase 
could also be controlled by an inducible promoter, such as plac, to study 
the transport of the enzyme in E. coli. Future studies will first need to 
determine whether or not the catalase export is sec-dependent, and 
then try to pinpoint the signal region in the mature periplasmic 
catalase which is recognized by the protein exportation machinery. If 
the protein can be demonstrated to be translocated efficiently across 
the E. coli inner membrane then the expression plasmid could be 
introduced into a sec A and/or sec Y minus E. coli strain to determine if 
the translocation is sec-dependent. The periplasmic catalase from B. 
abortus exhibits considerable sequence homology to bovine and other 
catalases whose 3-D structure have been determined (15). A putative 
3-D structure of the Brucella catalase could be constructed by 
molecular modeling. Although there is no sequence homology between E. 
coli HP I and the B. abortus periplasmic catalase, comparison of the 
two 3-D structures might give some clues about which regions of the 
mature enzymes are recognized by the protein exportation machinery 
when the 3-D structures for both proteins become available in the 
future. Such future experiments might provide information about which 
features of the mature proteins play a role in membrane translocation. 
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